Abstract. For experimental investigations of short time plasma in spark gaps, as used in surge protective devices, high-speed camera recordings are used frequently. The analysis of these recordings provides further details regarding the plasma state and distribution. These deduced details are used to assist research and development processes. To increase the benefit of high-speed camera recordings an empirical model is presented to improve the picture analysis. In this model the recorded radiation intensity is empirically related to the current density within a spark gap. Therefore a specially adapted model spark gap was developed and tested. In this model spark gap areas with homogenous current densities occur. These current densities are determined in the experimental setup through current measurements with separated electrodes. Additionally, the relative radiation intensity between the electrodes is identified using high-speed camera recordings. An empirical correlation between these two measurement values was found and is discussed. It confirmed that the determined correlation improve the mostly intuitive interpretation of high speed camera recordings in spark gaps.
Introduction
Surge protective devices, SPD class 1, are required within power grids to ensure the normal operation of the electrical installation [1] . With these devices surges are driven directly to the equipotential bonding bypassing the electrical installation. In order to investigate the conductive behavior of SPD's during operation, they are tested using current generators, which deliver standardized 8/20 µs pulse currents according to international standards [2] .
Spark gaps are used as class 1 SPD's. Within spark gaps an electric arc forms the bypassing path during the protecting operation [3, 4] . During this process the main aspects are as follows: Firstly, SPD's have to create a highly conductive path to divert the surge current to the equipotential bonding. Thus, the protection of the connected electric devices is guaranteed. Secondly, the conductivity of the plasma has to be reduced by several orders of magnitude after the surge, in order to prevent the subsequent fault current fed by the power network [4] . These requirements are opposing each other and pose a challenge to undertake.
The behavior of the spark gap depends on the plasma properties and it's propagation within the plasma chamber of the model spark gap. To improve the protective function this behavior has to be known for the development process [2] .
Hence information regarding the plasma distribution is necessary to investigate the switching behavior of spark gaps. In present research of SPD's, high speed camera recordings can be used to visualize the distribution and support investigations in modern research and development projects [5] [6] [7] [8] [9] .
In actual fundamental research projects information regarding radiation and temperature [10] , pressure [11] , and electrical conductivity [12] are given for the transient time domain in spark gaps. These data are not yet measured simultaneously and therefore cannot verify a complete plasma model. However, during the development processes of spark gaps, empiric models are often sufficient to estimate the plasma state and to identify the changes caused by development steps of the SPD design.
The method presented in this publication shall provide an additional tool for analysis and evaluation of high speed camera recordings in spark gaps. As a result the current density can be deduced quickly from the high-speed camera recording of a spark gap. It is the aim to support the development processes of spark gaps. Therefore, it is sufficient to provide a basic empirical relation between the recordings and the current density. However the presented method is applicable for spark gaps due to their behavior being comparable to a black or grey radiator. For line radiators the application is not recommended.
The method, section 2, is divided into four subsections: description of the measurement setup and of the model spark gap, an introduction into the theoretic approach and finally the data acquisition.
To assess the applicability of the method, measurement results are given in section 3. Here, the possibilities of this method are presented while discussing the vol.
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Method
A measurement setup was built to investigate the current density in relation to high speed camera recordings of a model spark gap as shown in Fig. 1 . The current source of this measurement circuit is an impulse generator generating an unipolar surge current up to 20 kA, with a rise time of 8 µs and a time to half-value of 20 µs, according to the international test standard [2] . The measurement system provides a 14-bit amplitude resolution and a sampling rate of 100 MS/s [9, 11] . In this setup the surge current is separated inside the spark gap through different electrodes, therefore the partial currents i 1 to i 3 are measured separately with three coaxial shunts of the same type. The shunts have a resistance of 1 mΩ and show low inductive behavior. The voltage at the connector of the spark gap u arc is measured with a high voltage probe (Type PMK 3.6 kV).
A model spark gap is used as device under test in this measurement setup [5] , Fig. 1 . The spark gap consists of one electrode (anode) and three separated electrodes C (cathode), they are connected with the measurement setup via copper bus bars, Fig. 2 . The distance of the anode and cathode is 5 mm and the separated cathodes are isolated with a 1 mm thick polymer layer.
The plasma chamber P is surrounded with evaporating polymer and has a height of 80 mm, a width of 5 mm and a depth of 1 mm. The chosen polymer is poly-oxy-methylene (POM). To obtain optical access to the plasma chamber in the front of the spark gap a cover of poly-methyl-methacrylat (PMMA) is used.
The plasma was ignited using a spark discharge device (SDD) which is connected in series with a varistor to ensure a response with occurring high voltages.
The plasma radiance in the plasma chamber was recorded with a high speed camera of the type Motion Pro X4 from the manufacturer Redlake with a CMOSsensor. The sensor has a resolution of 8 bit with an pixelarea of 16 µm x 16 µm. During all measurements an integration time of 1 µs was applied. The frame rate for the recording was set to 94.500 fps. Different settings for aperture and neutral density filters were used for different recorded surge currents amplitudes, as considered in the analysis.
The plasma distribution between the electrodes depends on the surge current amplitude and the geometrie model spark gap. Within the following introduction into the theoretical approach firstly the relation between electrical conductivity and radiance has to be determined. This dependency could be deduced applying suitable material properties [13] . In order to do so, the temperature must be derived from its spectral radiance. Recent investigations with spark gaps have shown that, due to the high plasma pressure, the plasma has a low optical depth and therefore the radiance assume to be same as for a grey body radiator [10, 14] , Fig. 3 . In the respective spectra it should be noted that PMMA has a cut off wavelength by approximately 375 nm. [14] .
Thus, the temperature can be determined by comparing the measured radiance to the theoretical spectral radiance of a grey radiator with a suitable emission coefficient, which is between 0.8 and 1 [14] . Furthermore, the PMMA cover, the quantum efficiency of the sensor and the adjusted filters have to be considered. While using a high speed camera as radiance sensor, the recieved spectral radiance is converted to the recieved radiance. This is done by integrating the spectral radiance over the wavelength range of the sensitivity of the camera. With this radiance the temperature can be estimated and subsequently the electrical conductivity. However, a necessary requirement to compute the conductivity is the information of plasma pressure for the spark gap, as given in [11] . For spark gaps it is known that the pressure rises linearly with increasing current density [11] . Combining radiance and pressure the relation to the electrical conductivity can be deduced in more detail using the material properties [13] , Fig. 4 . With the deduced conductivity and the geometry of the spark gap, the current density can be determined. However a measured arc column voltage u arc (under consideration of the induced voltage [15] ) and the voltage of the electrode sheath u es , is also necessary for the implementation in a simplified approach (1):
In this brief theoretical approach the dependence between current density (1) and radiation Fig. 3 (hence temperature) was shown. Due to the presented complex correlation between this quantities only an empirical approach will be used in the next chapter "Results". There, with the high speed camera recordings the correlation from the radiance to the current density is derived for different surge current amplitudes (5, 10 and 20 kA). For each current, three measurement series are done. Within each series ten surge currents was applied to an unused spark gap.
To develop an empirical model the current in the lower section of the spark gap (shunt 3, Fig. 1 ) was correlated with the mean value of the radiance of this area recorded by the high speed camera during its integration periode. This area has a width of 5 mm and a height of 10 mm. It is optically recorded from a distance of approx. 1.5 m on 12 × 24 pixel. The lower section has the advantage that information regarding the pressure was recorded in [11] . Furthermore, the current density can be assumed in this area as homogeneously distributed [5] .
The mean radiance is considered relative to the maximum recorded brightness (255 bit number) with a transmission factor of 12.5 · 10 −6 % (aperture 32 and neutral density filters, ND 3.0 and ND 0.6).
Results
With the camera recordings and the data of the measured current with the shunt, the correlation between current density and relative radiance is determined. The relative radiance is the quotient of the mean radiance in the lower section to the maximum recordable brightness. The mean radiation was calculated by averaging the pixel values in the area of 12 × 24 pixel. Regarding the current densities and the radiance of every recording an empirical correlation can be found, Fig. 5 . Within this data plot 5, 10, and 20 kA measurements are considered. It is shown that with higher radiance the current density increases as well. This correlation can be described approximately using the square formula (2) with the current density j and the relative radiance L r :
Formula (2) has a determination-coefficient of 0.913 to the recorded data. The relation between current density and radiance can be explained according to the shown theoretical approach (chapter 2). Exemplary this relation has been verified with measurement data of a reference spark gap which is discussed in [14] . For this reference geometry the relation of the radiance recorded with optical emission spectroscopy (OES) as published in [10] to the measured current density is evaluated, Fig. 6 . To increase the significance of the presented model, the reference spark gap was used. This improving is obtained due to same material (POM) and a slightly different geometry of the reference spark gap. Within these OES-data the optical transmission of the real optical path is considered. As a result the reference spark gap shows qualitatively similar results vol.
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Within the recorded data, at an occurring relative radiance over 0.6, the scattering is increasing (Fig. 5) . In theory [14] the temperature determination based on the grey body model also shows differences according to a model based on transport properties. The method could be more accurate if the transport properties are taken into account. However, the aim to provide an easily and quickly applicable empirical model with a comprehensible theoretical behavior is achieved. The grey body radiation is sufficient due to a function uncertainty of 30%. For more accurate investigations the transport properties have to be considered.
Conclusions and Outlook
In this publication a method for current density estimation in spark gaps is presented. It is shown that the radiance during measurements with different surge currents can be empirically related to the current density. Furthermore, the empirically described relation shows also comparable patterns with the spectral data of the reference spark gap.
The approach was tested in this contribution with two different designs of model spark gaps. Yet, the empirical function still has to be verified with other types of spark gaps. This method can preferably be applied when the radiative characteristics of the plasma are like those of a grey or black body radiator. Due to the behavior of the plasma as a grey body radiator this method should be applicable also for spark gaps with other plasma geometrial arrangements. However, in further contributions the boundaries of the method has to be investigated to give a statement of the applicability under different circumstances.
